The gut microbiota is a complex ecosystem composed of hundreds of different bacterial species that altogether play an important role in the physiology of their host. In the past few years the complete genome sequence of a number of bacterial strains isolated from the human gastrointestinal tract has been established including that of Bifidobacterium longum NCC2705 isolated from the feces of a healthy infant. Bifidobacteria are among the first species to colonise the human gastrointestinal tract and as such are believed to play an important role in gut homeostasis and normal development. The genome sequence of NCC2705 has revealed a number of features that suggest how this bacterium has adapted to its environment and that could help understanding how it interacts with its host. Here, we review general features of bifidobacteria and illustrate how genome-based approaches can help us better understand the biology of these organisms.
Introduction
Bifidobacteria are gram-positive, heterofermentative, non-motile, non-spore forming rods. Due to their metabolic capacities bifidobacteria are often included in the lactic acid bacteria (LAB) family even though they are phylogenetically distinct with a G + C content ranging from 42% to 67% [1] . The genus Bifidobacterium includes the species of both Gardnerella and Bifidobacterium and belongs to the family of Actinomycetaceae, which also comprises corynebacteria, mycobacteria and streptomyces. Around 30 species have been assigned to this genus including recent additions such as Bifidobacterium denticolens, Bifidobacterium inopinatum isolated from human dental caries [2] and Bifidobacterium psychraerophilum, originating from pig intestines [3] . With the exception of species isolated from human dental caries, sewage or insects, the majority of bifidobacteria species are found in the gastrointestinal tract (GIT) of mammals. When grown on laboratory media they generate acetate and lactate in varying molar ratio depending on substrate and growth conditions [4] [5] [6] . Small amounts of formic acid, ethanol and succinic acid may also be produced, whereas carbon dioxide, butyric and propionic acids are generally not formed [4] . Bifidobacteria can display a range of distinct cell forms, including regular rods and various branched shapes. The morphotype of bifidobacteria cells may vary depending on species, culture conditions [1] or growth phase as observed for Bifidobacterium longum NCC2705 (see Fig. 1 ).
Bifidobacteria were first isolated by Tissier in 1899 from the feces of breast-fed infants and their presence in the gut has ever since then been associated with a healthy microbiota. This has fostered numerous studies focusing on their role in gastrointestinal ecology and on possible health promoting aspects related to their presence in the gut. Today, bifidobacteria have become economically important because they are added in high numbers as live bacteria in numerous food preparations with various health-related claims. Although some beneficial properties of bifidobacteria are documented in clinical trials, their mode of action and how they interact with their host remains unknown. These are difficult questions to tackle, but will perhaps be facilitated by the genomic sequences that are available and those that will become publicly available in the future. Here, we review how genomic information can be used to gain an insight into the physiology of bifidobacteria and their adaptation to their ecological niche. This review is by no means an exhaustive coverage or a detailed description of all the work done on these bacteria. Rather it takes a subjective look at certain issues concerning bifidobacteria.
Bifidobacteria are natural inhabitants of the human gastrointestinal tract
The GIT of humans is densely colonised and the large intestine contains an approximate 10 11 bacterial cells per gram of luminal content with over 400 different species whose distribution varies between individuals [7] . This high bacterial cell density and diversity makes the GIT one of the fiercest competitive ecological niches found in nature. The GIT itself is a succession of different habitats corresponding to the different compartments, ranging from the oral cavity, the stomach, the small intestine (duodenum, jejunum and ileum) and the large intestine (caecum, colon and rectum). Each compartment is occupied by a distinct bacterial community and bifidobacteria can be found all along the GIT [2, 4, 8, 9] . Establishing the preferential location of bifidobacteria within the GIT is hampered by variation in numbers and species between individuals [8] and by sampling difficulties. Sampling methods such as biopsies can provide some insight, but may not mirror the situation in healthy individuals (for review see [10] ). Alternative approaches are intestinal intubation [9] and sampling capsules [11] but these are not easy to apply on a large scale. Most studies on the composition of the microbiota come from analyses of fecal content which do not reflect how the species are distributed in the different compartments of the GIT [7, 9] .
Detection of bifidobacteria
Bifidobacteria have been predominantly isolated from human and animal feces and as such have been used as a marker for the fecal pollution of water [12] . Because bifidobacteria are part of complex bacterial communities their enumeration is difficult. Until recently, the only techniques available to enumerate bifidobacteria relied on selective cultivation of the bacteria isolated from the feces ( [13] , for reviews on selective plating see [14, 15] ). Enumeration and identification of bacterial species using culture-dependent methods can be time consuming and requires knowledge on species-specific phenotypic characterisation and growth requirements. But most importantly, the information obtained by culture-based methods provides only a fragmented picture of the relative distribution of species within the GIT because a significant part of its microbiota cannot be cultivated [16] [17] [18] [19] .
In recent years, several culture-independent methods have become available, allowing characterization of whole bacterial communities by direct extraction of DNA from fecal samples without prior cultivation of the bacteria. Many of these techniques have been inspired by those applied to analyse other bacterial communities such as those found in soil [20, 21] . Culture-independent methods include fluorescent in-situ hybridisation (FISH), dot-blot hybridisations, DNA arrays and finger printing methods such as terminal restriction fragment length polymorphism and D/ TGGE (denaturing or temperature gradient gel electrophoresis) (see [22, 23] for reviews). These approaches have the advantage that they allow enumeration of non-culturable bacteria, but have the disadvantage that they do not discriminate between live, dead or resting bacteria. This was illustrated by Tannock et al., who observed marked differences in bacterial community profiles generated with RNA compared to DNA as the PCR template [24] .
Conserved and variable regions within the ubiquitous 16S ribosomal genes are widely exploited as markers to study bacterial diversity. The highly conserved regions are used for universal or domain-based probes, whereas the variable regions are utilised for genus or speciesidentification and subtle differences in 16S rRNA gene sequences allowed successful design of species-specific probes [25, 26] . Nevertheless, 16S-based classification of bifidobacteria has its own drawbacks and sometimes is not discriminative enough to allow differentiation between certain species [27] . In addition, quantitative assessment using 16S-based probes and real-time PCR remains difficult, since the copies of ribosomal DNA per genome can vary [28] . An alternative to 16S-based phylogenetic analysis is to compare conserved protein coding sequences such as recA [29] , groEL [30, 31] , grpE and dnaK [32] , which in certain cases can be more discriminating and may lead to a more accurate identification or quantification of strains. With more and more genomic sequences becoming available, it is now possible to identify DNA regions that are specific for a single strain. For example, we have used information derived from genome sequences to determine the variable genetic makeup of individual B. longum strains based on the distribution of mobile elements. Oligonucleotides, designed to amplify the junction between these elements and the genome, were used to create signatures that are characteristic for a strain and were applied for the molecular tracing of these strains in feces (B. Berger, personal communication). Such tools are particularly useful to follow the fate of a given strain in a clinical trial or for the molecular tracing of strains in commercial preparations.
Bifidobacteria as autochthonous bacteria in the gastrointestinal tract
The bacterial population in the GIT can be divided into autochthonous and allochtonous bacteria (as defined by Tannock [33] ). Autochthonous bacteria form part of the stable microbiota and are defined as the bacteria inhabiting a place or region from the earliest times, i.e. those that are found where they are formed, whereas allochtonous bacteria are found in a place other than where they were formed. The relative counts of the latter may vary over time depending on the changes in environment or on consumption of live bacteria found in foods [33] . Bifidobacteria can be found in the GIT as both autochthonous and allochtonous residents.
Autochthonous bifidobacteria in infants
Infants are brought into the world with a sterile GIT and bacterial colonisation starts immediately after delivery. During the first few days of life, the microbial community detected in the feces is relatively simple, composed mostly of enterobacteria and streptococci, and becomes more diverse with time. The composition of the microbiota in infants stool is influenced by the mode of delivery, the environment, the diet [34] [35] [36] and possibly the genetic background, as revealed in a study on monozygotic twins [37] . Numerous studies have shown that the feces of breast-fed infants are rapidly dominated by bifidobacteria whereas feces from formula-fed infants contain a more diverse microbiota [18, 36, 38] . However, other studies report no difference in the microbiota between these two feeding regimes ( [39, 40] and [36] for review). Differences could be attributed to individual variations between infants and/or to different dietary compositions of the formulas used in the various studies, which in some cases could stimulate the endogenous population of bifidobacteria [7, 39] .
Autochthonous bifidobacteria in adults
The composition of the microbiota in healthy adults varies between individuals and remains stable through a large part of our life [41, 42] (and see [22] for review). The most dominant species are of the genus Bacteroides and Clostridium [17, 42] . Previously, using culturedependent methods bifidobacteria were estimated to comprise 10% of the human adult intestinal flora but latest evaluations based on culture-independent methods suggest that bifidobacteria constitute up to 3% of the total microbiota (see [34] for review). This lower estimation is likely to reflect an increase in the total number of species detected, which now includes uncultivable species, rather than a decrease of the total number of bifidobacteria.
Fecal composition changes with increasing age and a decrease in total number of bifidobacteria together with a decline in species diversity was observed in elderly subjects ( [43] [44] [45] and reviewed in [46] ). The presence of bifidobacteria in human feces is traditionally associated with a healthy status and a number of differences were found when comparing the microbial composition between healthy and diseased subjects. For example, the microbiota from patients with both active and inactive colonic CrohnÕs disease differed from that of healthy people by containing more enterobacteria [47] and apparently less bifidobacteria [47, 48] . Further differences in the composition of Bifidobacterium spp. were noted when comparing healthy and allergic infants [49, 50] . The relationship between diseased situations and differences in intestinal numbers of bifidobacteria is not clear and it is not known whether the observed changes contribute to the diseases or if they are a consequence of it.
Bifidobacteria as allochtonous bacteria in the gastrointestinal tract
As mentioned above, the GIT can be populated by autochthonous and allochtonous microbial populations [33] . Lactobacillus plantarum is an example of a bacterium which can readily be found as both autochthonous and allochtonous resident. It is a natural inhabitant of the GIT but can also be found in many fermented meat, vegetable and dairy products [51] . Unlike lactobacilli, bifidobacteria are not naturally found in food but are purposely added to it as live bacteria because of their claimed health benefits. Examples of such products include infant formulas, cheese, dietary supplements and fermented dairy products [40, [52] [53] [54] , the latter being the most commonly used vehicles of delivery. After ingestion of such preparations, bifidobacteria can be found alive in the GIT as allochtonous bacteria that do not persist for long periods of time. This was demonstrated in human intervention trials where allochtonous bifidobacteria could no longer be detected in the feces one week after administration [55] [56] [57] . Other studies however reported that subjects continued to excrete bifidobacteria for over one week after administration was stopped [58] [59] [60] [61] . For a given strain variations in persistence rates may result from the duration of the intervention, differences in the administrated dose and the methods of detection used [59] .
The scientific evidence concerning the health benefit attributed to these allochtonous bifidobacteria remains fragmented. In vitro studies have shown that they can exhibit species-or rather strain-specific immune modulation properties [62, 63] . Experiments with mice showed that B. longum was able to protect against a challenge with Salmonella typhimurium [64] and that B. lactis reduced the severity of an enterohemolytic Escherichia coli O157:H7 infection [65] . Additional evidence on the proposed health benefits of bifidobacteria comes from human intervention trials that describe prevention or reduction of viral diarrhoea [66] [67] [68] [69] [70] ; enhancement of the mucosal immune response against gastrointestinal infections [56] , or alleviation of atopic dermatitis symptoms in children [71, 72] . Human intervention trials focusing on healthy adults also indicated that consumption of bifidobacteria can improve the immune functions [73] and shorten gastric transit time in women [74] (for a review see [75] ).
It should be noted that many trials were conducted with combinations of bifidobacteria and LAB. In order to substantiate further health claims of bifidobacteria, single candidate strains will have to be evaluated in randomised, double blind, placebo-controlled clinical trials including either healthy or diseased subjects. Only when this is fulfilled can a specific strain be claimed to exert health-improving effects. Due to the absence of appropriate screening tools for predicting health-promoting properties of bifidobacteria, rational selection of new candidate strains remains challenging. Increased knowledge of the mode of action of these bacteria is a prerequisite to develop improved screening methods.
The role of bifidobacteria in the gastrointestinal tract
Despite the lack of understanding of host-microbe interactions, it is well established that the microbiota has a profound influence on health and disease. Microbes colonising the GIT play a vital role in developing tolerance of the immune system to self antigens and to dietary antigens as well as in maintaining homeostasis of the intestinal ecosystem, for example by limiting colonisation of pathogens [76] [77] [78] [79] . The importance of the microbiota is illustrated by several physiological differences observed between colonised and germ-free mice [76] . Additional evidence illustrating the importance of intestinal bacteria on hostÕs physiology was brought up recently by Bäckhed et al. [80] who showed that colonisation of adult germ-free mice led to a 60% increase in body fat content.
The precise role of bifidobacteria in the GIT is still poorly understood but many observations based on physiological data, or derived from analysis of the B. longum genome, illustrate how they have evolved to adapt to their particular environmental niche. Understanding how different species of the microbiota interact with each other and how they individually or collectively contribute to our physiology remains a challenge for the future. It is likely that members of the intestinal microbiota have co-evolved with their host to establish a symbiotic-like relationship, and understanding how single species have adapted to their life in the intestine can set the base to explain the more complex nature of their cooperative activity in the gut. In the next sections, we will highlight several traits of bifidobacteria that could explain how they have established and maintain themselves in the intestine.
Carbohydrate metabolism
The ability to degrade complex carbohydrates contributes to the competitiveness of a given strain in the GIT, as exemplified for Bacteroides thetaiotaomicron [81] or more recently for E. coli where it was shown that mutations in carbohydrate metabolic pathways affected intestinal colonisation [82] . Principal sources of carbon energy for bacteria growing in the gut are simple sugars, which are readily utilised in the upper GIT, and complex carbohydrates, which remain abundant in the distal part of the GIT. These complex carbohydrates can be dietary compounds (such as resistant starches, cellulose, hemicellulose, xylan, pectins and gums) or host derived compounds (such as mucins, glycosphingolipids, chondroitin sulfate, hyaluronic acid and heparin) [76] . The type of carbon sources available is likely to determine the species composition of the microbiota in a particular compartment. For example, Lactobacillus johnsonii, a bacterium active in the upper GIT ferments mainly mono,-di,-and trisaccharides [83] and has few enzymes for metabolising complex carbohydrates, but compensates with a large number of phosphotransferase sugar transport systems. Conversely, bacteria active in the lower GIT have the potential to degrade and metabolise complex carbohydrates as reflected by the genome analysis of B. longum NCC2705 and B. thetaiotaomicron (see [84] for review).
Bifidobacteria use the fructose-6-P phosphoketolase pathway or the so-called ''bifido shunt'' for sugar metabolism. This pathway is present in B. longum NCC2705 together with a partial Embden-Meyerhoff pathway and a partial KrebsÕ cycle (genes encoding fumarase, oxoglutarate dehydrogenase and malate dehydrogenase are missing). Homologs of enzymes needed to feed glucose, gluconate, sucrose, lactose, fructose, galactose, NAc-glucosamine, NAc-galactosamine, arabinose, xylose, ribose, cellobiose, melibiose, gentobiose, maltose, isomaltose, raffinose, mannose, into the fructose-6-phosphate shunt are present [85] . Physiological data confirm that bifidobacteria can indeed utilise complex carbohydrates such as, hog gastric mucin [86] , xylo-oligosaccharides [6] , pectin [87] , plant oligosaccharides [88] [89] [90] [91] and fructo-oligosaccharides [6, 92] . Hence, bifidobacteria can adapt to process a variety of indigestible components of our diet. Dietary interventions with complex carbohydrates such as fructooligosaccharides or galactooligosaccharide were indeed shown to impact on the bacterial population in the GIT including bifidobacteria [93] [94] [95] [96] .
Exopolysaccharide production
The biological significance of exopolysaccharide (EPS) production in bacteria is not always understood. Nevertheless, it was shown to play an important role in many chronic bacterial infections, possibly by helping the pathogenic bacteria to escape the immune system of their host [97] . The role of EPS produced by non-pathogenic colonic microorganisms is poorly documented, but it is likely that these extra-cellular structures are important for bacteria to establish themselves within the host. Interestingly, the commensal bacterium Bacteroides fragilis has evolved an elegant genetic mechanism by which it is able to inter-change its surface make-up by producing at least eight distinct capsular polysaccharides [98] . These changes in phenotype may help the bacterium to escape recognition by the host and similar mechanisms might be more widespread among intestinal bacteria than expected.
Even though there are few reports on EPS production in bifidobacteria, a B. longum strain was shown to produce 30% of total polysaccharides as EPS, mainly composed of galactose and glucose [99] . Nagaoka et al. [100] also reported the production of rhamnose-rich EPS linked to the cell wall of Bifidobacterium breve and Bifidobacterium bifidum strains and a cytoplasmic polysaccharide consisting of glucose, ribose, galactose, rhamnose and chiroinositol has been described in B. bifidum [101] . The genome sequence of NCC2705 has revealed at least two regions possibly related to polysaccharide biosynthesis. Interestingly, both regions are flanked by IS elements and show a strong divergence in G + C content indicating that they have been acquired by horizontal gene transfer.
Surface proteins
Components of the bacterial cell surface are believed to play an important role in host-microbe interactions, as they constitute the first contact points with the intestinal barrier. Surface proteins can be involved in adhesion and degradation of complex carbohydrates, environmental sensing and adhesion to cells and proteins [51, 85, 102] . MacConaill et al., showed that all expected components of the gram positive bacteria secretion machinery are present in the genomes of B. breve UCC2003, B. longum NCC2705 and B. longum DJO10A, but like L. plantarum these three bifidobacteria spp. are missing secDF [51, 103] . Bifidobacteria also appear to lack the sec independent twin-arginine translocation (TAT) pathway as no components of this pathway were identified in the genomes of the three bifidobacterium strains [103] .
Approximately 200 proteins with a predicted Sec-type signal peptide were identified from the B. longum NCC2705 genome analysis. Of these, 59 were possibly surface-associated lipoproteins, including 26 solute binding proteins of ABC transporter systems [85] . Many of the non-cytosolic proteins were predicted to be involved in degradation of complex carbohydrates, a feature also deduced from the analysis of the B. thetaiotaomicron genome [104] .
Two predicted secreted proteins were of particular interest with respect to their possible function. One is BL0675 a predicted cell wall anchored protein which shares identity with FimA and FimP, two major fimbriae subunits of Actinomyces found in the oral cavity of human and animal species [105, 106] . In Actinomyces naeslundii, fimP encodes a type 1 fimbriae subunit that promotes interaction with salivary acid rich proteins [107] , whereas fimA encodes a type 2 fimbriae subunit that mediates binding to b-1-3-linked galactose or galactosamine structures [108, 109] . Interestingly, A. naeslundii and Actinomyces viscosus display structural variants of the fimP gene whose protein products are thought to interact with different peptide motifs found in salivary proteins and to determine animal host tropism [106] . Similarly to fimA of A. naeslundii and fimP of A. viscosus, BL0675 is followed by a gene encoding a membrane protein similar to bacterial sortases (Fig. 2) . In addition, it is preceded by a large glycine rich protein also predicted to be anchored to the cell wall. A similar gene structure was found in DJO10A, although the counterpart of BL0675 (GenBank identification no. 23335911) displays structural variation as highlighted by the relatively low identity between the two predicted proteins (42%, Fig. 2 ). Transcription profile analyses have shown that BL0675 is induced in NCC2705 cells during the transition from exponential to stationary phase (A. Klijn, unpublished results). Nevertheless, the precise role of BL0675 and its neighbouring genes in the physiology and gut adaptation of NCC2705 remains to be elucidated.
BL0108 is another interesting predicted secreted protein because it shares similarity with members of the serine protease inhibitor (serpin) family found predominantly in mammals. In Eukaryotes, serpins control key steps in various regulatory cascades by inhibiting specific serine proteases. Serpins are also produced by some viruses and in the case of the myxoma virus, a serpin that modulates the inflammatory response of the host during infection was described [110] . Noteworthy, BL0108 is present in other B. longum strains including DJO10A and also in several closely related species (M. Delley, personal communication). Preliminary experiments in our laboratory have shown that BL0108 is not transcribed during growth in rich medium, but expression was detected in bacteria isolated from the GIT of mice mono-colonised with NCC2705 (M. Delley, personal communication). Recent biochemical evidence demonstrated that, in spite of its low identity to eukaryotic serpins, BL0108 is indeed a bona fide serine protease inhibitor (D. Ivanov, personal communication) and we are currently investigating a possible interaction with serine protease(s) from the host.
Bacteriocin production
Bacteriocins were originally defined as proteinaceous compounds produced by both gram-negative and grampositive bacteria, which can exert a bactericidal or bacteriostatic activity against closely related species [111] . However, there are examples of bacteriocins that display a wider spectrum of activity [112] and some have been reported to exert both antimicrobial and signalling activity [113] . Bacteriocins are produced by bifidobacteria [114] [115] [116] [117] [118] , as for example Bifidocin B, a class IIa broad spectrum bacteriocin produced by B. bifidum [119] . Interestingly, two lantibiotic related coding se- quences (CDS) are present in B. longum DJO10A. Lantibiotics are small-size bacteriocins that typically contain lanthionine and b-methyl-lanthionine residues formed by dehydration of serine and threonine [120, 121] . LAB lantibiotic gene clusters generally contain CDS for structural peptides, post-translational modification proteins, proteolytic processing/transport proteins, regulation and immunity proteins [122] . The DJO10A genome contains an ortholog (gij46190122) of cylM of Enterococcus faecalis, which encodes a post-translational modification protein involved in dehydration of serine and threonine [123] . In E. faecalis cylM is followed by cylB, a gene possibly encoding a proteolytic processing and transporting protein [123] . A similar gene order occurs in DJO10A where a CDS (gij46190120) encoding a protein similar to CylB is found downstream of the cylM ortholog. The structural, regulation and immunity genes were not identified in the available sequences. This region of DJO10A is located on a small scaffold also harbouring IS elements and at present it cannot be concluded whether the genome contains a complete lantibiotic production locus.
Other possible mechanisms that are not described in great detail but are believed to have an impact on the host of bifidobacteria include: production of acid, which would lower colonic pH thereby inhibiting pathogenic bacteria (as discussed in [114] ); hydrolysis of bile salts [124] [125] [126] [127] , production of conjugated linoleic acid [128, 129] ; intestinal degradation of oxalate by B. lactis [130] and the production of vitamins. Bifidobacteria have been shown to produce a number of vitamins [131] and in the case of B. longum NCC2705 complete pathways for the synthesis of folic acid, thiamine and nicotinate are present whereas pathways for riboflavin, biotin, cobalamin, pantothenate, and pyridoxine are missing [85] .
3. Exploiting the genome sequence of bifidobacteria B. longum was the first commensal species in the human distal intestine whose genome was sequenced [85] . With a size of 2.26 Mb it is comparable to other genomes of LAB, which generally range from 1.8 to 2.5 Mb (for review see [84] ). The establishment of the B. longum NCC2705 genome sequence represented a major step forward in the biology of bifidobacteria as before its release less than 50 bifidobacterial proteins sequences were deposited in GenBank. Since the publication of the genome sequence of NCC2705, a second almost complete B. longum genome sequence (B. longum DJO10A) has become publicly available (Genbank accession NZ_AABM00000000) and more are currently being sequenced [132] . Comparison of these genomes will provide insight into the evolution within bifidobacterial species and help identifying those genes that form the bifidobacterial backbone sequences, i.e. that are conserved in all strains. In addition, comparative analysis will also help identify variable regions that determine strain specificity and are likely to contribute to adaptation to their individual lifestyle.
Comparative analysis of B. longum genomes
The draft genome of B. longum DJO10A has been annotated using an automated procedure (http:// www.ncbi.nlm.nih.gov/genomes/framik.cgi?gi=5160). Although the DJO10A genome sequence is not yet assembled in a single fragment, the cumulative nucleotide length and the high degree of co-linearity between the joined scaffolds and the genome of NCC2705 (data not shown) indicate that the DJO10A genome sequence is very close to completion. Both genomes have an average G + C content of 60% and their nucleotide sequence is very similar over the entire length of the chromosome. A comparative analysis of the 1727 predicted proteins of NCC2705 against the translated nucleotide sequences of DJO10A revealed that 86% of them have 80% or more amino acid identity to translated sequences from NCC2705. Conversely, of the 1780 CDS of DJO10A that were compared to the translated nucleotide sequences of NCC2705 showed that 84% of them have displayed 80% or more amino acid identity to translated sequences from DJO10A. This level of identity is conserved throughout both genomes with the exception of a few clusters of proteins that appear as divergent regions (see Fig. 3 , Panel C and D).
Divergent regions
From the initial analysis of the NCC2705 genome, six regions were identified as being divergent on the bases of differences in the G + C content, dinucleotide bias and codon preference (see regions I through VI in Fig. 3 , Panel B) [85] . A deviation in G + C content of defined stretches of DNA is often a good indication that these regions have been acquired from other organisms by lateral gene transfer. Three of these regions (region II, V and VI) are also present in B. longum DJO10A, while regions I, III and IV are absent. Interestingly, two of these regions (I and IV) contain genes predicted to be involved in exopolysaccharide biosynthesis.
In addition to the divergent loci described above, another DNA fragment of the NCC2705 genome contains a cluster of CDS encoding proteins with low identity to translated DNA of DJO10A (filled circle in Fig. 3 , Panel C). These predicted proteins display low similarity to bacteriophage-related polypeptides and thus are likely encoded by prophage sequences [85] . At the corresponding locus in B. longum DJO10A, a possible bacteriophage gene cluster was also found that appears to be more complete (filled circle in Fig. 3, Panel D) . The two phage-related loci of NCC2705 and DJO10A do not display identity to each other, but surprisingly, their flanking regions are perfectly conserved and located downstream of a tRNA (tRNA-Met), a typical insertion site for phages. The presence of prophages in the two genomes is striking because phages related to bifidobacteria have been rarely observed. Of note, two reports describing bifidobacterial phages [4, 133] show structures that are typical for sfi21-like phages and are in agreement with the prediction based on the DNA phage sequence found in B. longum NCC2705 (H. Brü ssow, personal communication). The fact that both genomes of B. longum contain phage-related sequences indicates that phages associated with this species might be more common than reported.
DNA-based arrays
The availability of genome sequences enables their large-scale analysis using DNA-based arrays. DNA arrays for B. longum NCC2705 consisting of 1700 ORF-specific probes printed in duplicate and covering approx. 95% of the B. longum NCC2705 genome are in use in our laboratory for genome comparison and global expression profiling. In the following section, we will highlight some examples of how we have applied DNA array technology to study the biology of B. longum.
Genome comparison
Genome-wide comparison between closely related strains can provide insight into their lifestyle and to this end genomic DNA arrays can offer an alternative to the tedious and costly sequencing of entire genomes. DNA array-based genomotyping has been mainly used to compare virulent to non-virulent strains of a given species, which allowed identification of candidate virulence genes in Mycobacterium tuberculosis [134] and Helicobacter pylori [135] for example. In the case of bifidobacteria, NCC2705-derived DNA arrays were used to compare the genomes of B. longum biotype longum, B. longum biotype infantis and B. longum biotype suis. A preliminary analysis of these experiments revealed that the majority (P85%) of the CDS of NCC2705 are highly conserved in the five other B. longum biotype longum strains studied. In addition, 82% of the NCC2705 CDS are conserved in B. longum biotype suis and approximately 74% in B. longum biotype infantis (E. Rezzonico, personal communication; Fig. 3 , Panel A). Seven major regions of NCC2705 that are not conserved in other B. longum strains are highlighted in Panel A of Fig. 3 . Four of these strikingly match with regions I, III, IV and VI of low G + C content identified previously, whereas one region corresponds to the predicted ''prophage'' region described above. The remaining two divergent regions of NCC2705 (first triangles from the left in Panel A) appear to be absent from most B. longum strains tested but are present in DJO10A and therefore not identified by sequence comparison of the two genomes. Interestingly one of these regions contains several CDS involved in carbohydrate metabolism, for example amannosidases and endo-b-NAc-glucosaminidase. Utilisation of complex carbohydrates is believed to be an important trait for adaptation of a strain to a specific ecosystem and is likely to contribute to its competitiveness in that environment. Based on the initial genome analysis of B. longum NCC2705 [85] , a number of CDS involved in the metabolism of complex carbohydrates were postulated to have been recently duplicated or acquired by horizontal transfer. Analysis of the divergence of these CDS in closely related bifidobacteria showed that most of them are relatively well conserved in all B. longum biotype longum strains, but often absent from the phylogenetically more distant B. longum biotype infantis and B. longum biotype suis strains (Table 1 , based on supplementary data of [85] ). Notably, only a few strains harbour CDS coding for enzymes such as a-mannosidases, endo-b-NAcglucosaminidases, b-1,3-exoglucanases or a-glucosidase that might well contribute to their competitive advantage in the GIT. In this way different strains could avoid competing for the same substrates and thus coexist within the same environment. However, as DNA-based arrays can only establish presence or absence of CDS compared to a reference strain, it cannot be ruled out that strains lacking certain CDS synthesise alternative proteins with related function.
Global expression profiling
Genome-wide expression profiling using DNA arrays enables the accurate measurement of changes in transcription levels of literally every gene in the genome in response to environmental changes. This approach can be complemented by proteomic analyses. Noteworthy, the first proteome description of a B. infantis strain has been published recently [136] and there is no doubt these studies will be refined and extended in the near future. In the following section, we will review how genome analysis combined with global gene expression profiling was used in our laboratory to study the response to oxidative stress, which had not previously been characterised at a molecular level for bifidobacteria. In addition, we will discuss how this type of analyses provided insights into the general mechanisms that bifidobacteria use to respond to different stresses.
Oxidative stress in bifidobacteria.
The majority of bifidobacteria are anaerobic and are unable to form colonies on plates without the aid of a redox potential lowering chemical such as cysteine [137] [138] [139] . The absence of genes for aerobic or anaerobic respiratory components in the genome of NCC2705 confirms its strict anaerobe nature. However, differences in oxygen tolerance between bifidobacteria species have been reported [137, 138, [140] [141] [142] . B. lactis is of particular interest because of its robust nature compared to other bifidobacteria [138] and it is for this reason that it is used extensively for both research purposes and commercial applications [143] . The genetic base for the unusual robustness of B. lactis is not yet understood and genomic analysis could help in better understanding its technological properties.
Molecular oxygen itself is unreactive, and only becomes toxic to the cells when it accepts one, two or three electrons to form (i) superoxide radicals ðO À 2 Þ, (ii) hydrogen peroxide (H 2 O 2 ) and (iii) hydroxyl radicals (OH Å ), respectively. These three compounds form the major reactive oxygen species (ROS) that are toxic for bacterial cells.
(i) Superoxide dismutase (SOD) is one possible mechanism to eliminate superoxide radicals [144] and SOD activity has been reported to be present in bifidobacteria [140, 142, 145] . However, no known SOD encoding genes have been identified in this genus and they were not found in the B. longum NCC2705 genome either. Chang and So in fact demonstrated that this was probably not due to a dismutase activity, as it was heat-stable and varied depending on the level of MnSO 4 present in the growth medium [146] . The described activity appears to be analogous to that observed in L. plantarum, which also lacks SOD. L. plantarum contains a Mn-catalase as well as Mn(II) in a non-enzymatic complex that fulfils the function of the SOD found in aerotolerant bacteria [147] . Thus, manganese can act as a scavenger of both O À 2 and H 2 O 2 , in addition to several crucial roles in biological systems [148] . Although no CDS with similarity to the L. plantarum Mn-dependent catalase was found in NCC2705, among the genes highly upregulated under oxidative stress was one predicted to encode a P-type ATPase (BL0409, originally annotated as a copper transporting ATPase), was identified that could be involved in transporting manganese (A. Klijn, unpublished results). 
Illustrates the level of conservation of carbohydrate hydrolysing enzymes identified from the B. longum NCC2705 genome analysis in eight B. longum strains. Bll, B. longum biotype longum (six strains); Bls, B. longum biotype suis (one strain); Bli, B. longum biotype infantis (two strains). Presence or absence of the corresponding CDS was determined by DNA hybridisation onto NCC2705 DNA arrays. Numbers indicate the amount of strains predicted to contain the corresponding CDS.
(ii) H 2 O 2 is the second toxic compound formed by oxygen, and can be eliminated by catalases. However, no CDS similar to known catalases were found in the B. longum NCC2705 genome. NADH peroxidase constitutes an alternative defence mechanism and this activity has indeed been measured in bifidobacteria [140, 142, 145] . Even though several genes possibly encoding oxidoreductases are present in NCC2705, only one (BL1626, predicted to encode a class I pyridine nucleotide-disulphide oxidoreductase [149] ) was highly induced after challenging the cells with H 2 O 2 . Alkylhydroperoxide reductase (AhpR) consists of two subunits, AhpC and AhpF, and may also be used by bacterial cells to remove H 2 O 2 . AhpF is a flavin-containing disulfide reductase that shuttles reducing equivalents from NAD(P)H to the other subunit (AhpC) thereby restoring its reduced state. AhpC is a member of the peroxiredoxin family of thiol peroxidases and has a redox active disulphide center [150] . A CDS encoding a protein similar to AhpC (BL0615) is present in the genome of NCC2705 and, although AhpF is absent, a thioredoxin reductase like gene (BL0164) is located upstream of ahpC, which suggests equivalent functionality. A similar gene organisation was observed in H. pylori [151] . During oxidative stress, both BL0615 and BL0614 appeared to be induced in NCC2705 cells albeit at a low level for the latter. Finally, thiol-specific redox reactions can also be involved in the elimination of H 2 O 2 . These involve thioredoxins which are maintained in a reduced form by a thioredoxin reductase, and glutaredoxins which are kept reduced by a glutathione and glutathione reductase [152] . In NCC2705, a possible thioredoxin system is present containing one gene encoding thioredoxin (BL1226) and two genes encoding thioredoxin reductases (BL0614 and BL0649) of which only BL0614 appeared to be induced under oxidative stress. In addition, NCC2705 contains CDS encoding a partial glutaredoxin system, of which glutaredoxin (BL0668) was induced after exposure of cells to H 2 O 2 . Nevertheless, no obvious CDS encoding a glutathione reductase was found in the NCC2705 genome.
(iii) Hydroxyl radicals are the third type of ROS and are formed when H 2 O 2 together with free iron are taken up in the Fenton Reaction [144] . This reaction can be prevented by quenching of H 2 O 2 or sequestering of free iron. Recently, Dps -first described as a non-specific DNA-binding protein -was shown to exert other functions including iron binding in several bacterial species [153] [154] [155] . A CDS (BL0618) potentially encoding for Dps and presenting conserved iron binding sites was also identified in the genome of B. longum.
In summary, from the analysis of the genome of B. longum NCC2705 in combination with global expression profiling using bacterial cells exposed to H 2 O 2 , we have identified several CDS potentially involved in oxidative stress defence mechanisms (A. Klijn, unpublished results).
Common stress responses in B. longum NCC2705
By compiling expression profiles from a range of different environmental stresses it is possible to identify those genes that are commonly induced and are implicated in the general stress response. These general stress genes are thought to provide non-specific protection to the cell in the event of adverse conditions, whereas additional genes can be transcribed in response to a specific type of stress. To learn more about the general stress responses of B. longum NCC2705, we have compiled expression profiles obtained after three different stresses namely, oxidative stress, starvation (entry into stationary phase) and heat shock. In all cases, cells were grown under identical controlled conditions and subjected to either a heat shock (7 min at 50°C), exposure to H 2 O 2 (1.25 mM) or transition into stationary phase. The gene expression profiles observed in response to these stresses were compared to those obtained from exponentially growing cells. As seen from Table 2 , 21 genes were identified as being induced by a factor greater than 2.5-fold. Not surprisingly, among these genes are those known to participate to the common stress response in other bacteria, such as the dnaK operon (dnaK, grpE, dnaJ, hspR) [156] . Analysis of the stress-induced genes also allowed gaining insights in the regulatory mechanisms controlling gene transcription in B. longum since several regulatory genes such as hspR, hrcA and a putative anti-sigma factor were upregulated (see below). Also of interest are several upregulated genes encoding proteins with no predicted function that could possibly play a general role in protecting B. longum cells from unfavourable conditions. Noteworthy, BL0576 is the most rapidly and highly induced gene in the three studied situations, and may therefore be a good stress marker. Stress markers can be used to monitor the physiological status of the cells, for example during industrial cell biomass production. These markers may also help in identifying experimental parameters that lead to high induction of the general stress genes, as these are likely to convey cross-adaptation and higher survival when cells face adverse conditions. Finally, overexpression of these genes might also be used to increase the robustness of these strains as was achieved in Lactococcus lactis and Lactobacillus paracasei [157] .
Regulation of stress response
In addition to the induction of stress genes via the transcription regulatory mechanisms discussed above, bacteria have evolved alternative paths to respond to extreme conditions. The analysis of the B. longum genomes has revealed several different regulatory mechanisms by which the cells protect themselves from various stresses.
Stringent response
The stringent response can be evoked by any stress of sufficient physiological impact to prevent proper charging of tRNA with amino acids. If the balance of uncharged to charged tRNA is changed in such a way that uncharged tRNA bind and stall the ribosomes, this will stimulate RelA (located on the membrane) to synthesize 3 0 -pyrophospshate derivatives of GDP (ppGpp) and GTP (pppGpp). (p)ppGpp binds to RNA polymerase and represses transcription but can also induce a specific sigma factor regulating transcription of stress genes. The genome of B. longum NCC2705 harbours a CDS (BL1439) similar to relA. However, contrary to what was observed in Mycobacterium [158] , BL1439 was not induced under the different stresses that we have tested.
Sigma factor
Alternative sigma factors determine promoter selectivity and can activate genes that are otherwise silent. The number of alternative sigma factors can range from none as seen in L. johnsonii to over 50 as seen in Streptomyces coelicolor [83, 159] . Common characteristics include an anti-sigma factor that prevents the sigma factor from binding to the RNA polymerase, until the anti-sigma factor receives a stimulus from the environment and releases the sigma factor [159] . Such a partner switching mechanism is widespread and present in other actinomycetes such as Mycobacterium, Streptomyces and Corynebacterium [160] . The genome analysis of B. longum NCC2705 has revealed one CDS encoding a possible alternative sigma factor (BL1357) that is conserved in B. longum DJO10A and closely related species. In both M. tuberculosis and S. coelicolor, the initiation codon of the anti-sigma factor overlaps with the stop codon of sigma factor [161, 152] . In NCC2705, the stop codon (UGA) of the sigma factor overlaps with the start codon (AUG) of a hypothetical gene (BL1358). The latter is also conserved in other bifidobacteria but its translated product displays no similarity to known proteins. However, anti-sigma factors are generally poorly conserved at the amino acid level among different species [152] . In most cases the sigma and anti-sigma factors are auto-regulated as an operon [160] [161] [162] . Nonetheless, even though BL1357 and BL1358 appear to be organized in an operon structure, preliminary results suggest that their expression is regulated differently (A. Klijn, unpublished). Indeed, as mentioned above, higher levels of BL1358 transcripts were detected under stress conditions, whereas BL1357 was constitutively transcribed (A. Klijn, unpublished). This could be attributed to a different regulation at the level of their respective promoter or to a difference in mRNA stability.
Stress regulators HspR/HrcA
As mentioned above, dnaK, grpE, dnaJ and hspR participate to the common stress response in B. longum. The first three genes of the operon encode a chaperone and its cofactors whereas the last component encodes HspR, a negative regulator of this transcriptional unit. This regulator is also found in closely related organisms such as Streptomyces [156] , Corynebacterium [163] , Mycobacterium [164] and also in H. pylori [165] . HspR binds to inverted repeats referred to as HAIR (HspR Associated Inverted Repeat), which share a consensual DNA sequence (CTTGAGT-N 7 -ACTCAAG). Two closely related HAIR sequences (TTGAG-N 9 -CTCAA) were identified upstream of the dnaK operon, while the exact consensus sequence was found upstream of a CDS encoding the stress-related protease protein ClpB, and of two other CDS with unknown function. Therefore, it can be hypothesized that HspR represses transcription of the dnaK operon and clpB by binding to the HAIR sequences located upstream of these genes, until being displaced in response to stress stimuli. By maintaining high levels of hspR transcripts, the cells ensure a rapid repression of the genes controlled by HspR. DNA array experiments also identified hrcA (Heat Regulation At Circe) as being upregulated in response to various environmental stresses. This gene is well conserved among bacteria and encodes a repressor that binds to inverted repeat sequences known as CIRCE (Controlling Inverted Repeat of Chaperone) elements [156] . Binding sequences similar to CIRCE (TTNGCACTC-N 9 -GAG-TGNTAA) were found in tandem repeat upstream of groES, groEL and in single copy in front of hrcA indicating it regulates these CDS. The genes groESL are generally organised in a monocistronic operon [166] , but interestingly this is not the case for bifidobacteria as these CDS are on separate loci [31] .
Genetic engineering for bifidobacteria
In contrast to the important research efforts invested in the ecology of bifidobacteria and the analysis of their health-promoting effects, genetic engineering techniques have remained less developed for this genus than for LAB or Streptomyces, perhaps as a consequence of the greater difficulty in cultivating them. Nevertheless, all necessary first generation genetic tools have been established. While virtually nothing is known about conjugation in bifidobacteria, electrotransformation by plasmid DNA has been reported.
Endogenous plasmids have been identified in Bifidobacterium species since 1982 [167] and seem to exist in few species such as B. longum, B. breve, Bifidobacterium asteroides, Bifidobacterium indicum, Bifidobacterium globosum, Bifidobacterium pseudocatenulatum [168, 169] and B. bifidum [119] . The complete nucleotide sequence of replicons isolated from B. longum, B. breve and B. pseudocatenulatum has been established and deposited in GenBank (http://www.ncbi.nlm.nih.gov). Most of these plasmids remain cryptic, with the exception of a B. bifidum plasmid that was proposed to encode a bacteriocin [119] . Some of them (for example, pMB1 or pKJ50 [169, 170] ) have been cloned into E. coli vectors together with an antibiotic resistance selection marker such as spectinomycin, erythromycin or chloramphenicol, to generate shuttle vectors able to replicate in bifidobacteria and E. coli [169, [171] [172] [173] . Electrotransformation protocols were established for bifidobacteria by optimising conditions of the electric shock, growth medium and electroporation solution, and by introducing a cold shock to increase cell wall permeability [169, 171, 174] . These changes have yielded transformation efficiencies ranging from 10 2 to 10 6 transformed cells/lg of plasmid DNA [169, 171, 174] . For example, efficiencies of 10 4 -10 5 or 10 2 -10 3 transformants/lg of DNA were recently reported for Bifidobacterium infantis UCC 35624 and B. breve UCC 2003, respectively [103, 175] . Yet, to our knowledge successful homologous recombination has not been reported in the literature for bifidobacteria. Chromosomal integration of DNA fragments has been attempted in several Bifidobacterium strains with limited success (M. Delley, personal communication). This is most likely to be attributed to the fact that the DNA recombination frequency was lower than the transformation frequency. Consistent with this hypothesis, the major prokaryotic DNA recombination pathway encoded by recBCD is lacking in B. longum NCC2705 [85] . To overcome this hurdle, we have tried to use temperature-sensitive plasmids derived from LAB [176] or from closely related bacteria such as mycobacteria [177] , with no success. An alternative way to integrate foreign DNA into bifidobacterial genomes would be to take advantage of the IS elements that have been identified in B. longum NCC2705 (http://wwwis.biotoul.fr/is.html), a strategy that was implemented successfully for several bacteria including LAB (for review see [178] ). As suggested from the analysis of the B. longum genome, integrative vectors could also be developed on the basis of phage elements [178] . Even though knockout mutants could not be constructed by gene disruption as yet, protein functionality may be studied by heterologous expression of the corresponding genes. As an example, CDS of bifidobacteria have already been used to functionally complement E. coli mutants [175, 179, 180] . This approach could lead to both biotechnological or health applications (see for example [181] ).
Outlook
Research on bifidobacteria has been ongoing for more than one century, and although many topics have been covered, emphasis has been laid on their occurrence in the GIT and the health benefits associated with these bacteria. However, little is known about the molecular mechanism by which bifidobacteria colonise the GIT. As in any competitive community, in order to establish itself in the GIT, a bacterium must be able to (i) perform differently than others, for example by utilising nutrients that competitors do not metabolise, or (ii) perform better than others, for example by utilising available nutrients more efficiently than competitors, or (iii) eliminate competitors, for example by growing faster or by producing toxic compounds. In fact, in order to survive in the GIT, bacteria have evolved different strategies that are often a combination of the three. Such strategies can be used by bifidobacteria, which (i) can utilise a wide variety of complex carbohydrates and produce enzymes such as a-mannosidases, endo-bNAc-glucosaminidases, b-1,3-exoglucanases or a-glucosidase that may provide them with a competitive advantage, (ii) possess a large number of high-affinity MalEFG-type oligosaccharide transporters to minimise cross-feeding of competitors and (iii) are potentially able to eliminate competitors by producing metabolites such as bacteriocins, lactic acid and acetic acid. In addition, bacteria may also have evolved to form a cooperative community where several species may be mutually beneficial to each other and thereby grow stronger as interdependent communities. This might explain how hundreds of different species can form a balanced microbial community that shares a crowded and rapidly changing environment.
In addition to other microbes, commensals have to co-exist with their host and survive the diversity of responses that the host has developed to eliminate pathogenic bacteria. Understanding how the bodyÕs immune system can differentiate between beneficial and deleterious organisms is a challenge for the future. Genome comparison of phylogenetically related strains adapted to different ecological niches may bring valuable information on the factors that govern their specific life-style. For example in E. coli, genome comparison allowed identification of chromosomal islands encoding for either fitness or virulence factors characterising pathogenic, commensals and laboratory strains [182] . In this review, genes or proteins that may play a role in the adaptation of bifidobacteria to their ecological niche were identified and discussed. To definitively assign a precise role to these CDS, more sophisticated molecular tools are needed to facilitate cloning or deletion of the corresponding genes in order to study their impact in relevant in vitro and in vivo models.
Knowledge obtained from genome sequencing will have a staggering effect on our understanding of bifidobacteria. With a full view of their genetic composition we will increase our insight into the physiology of these bacteria and the molecular mechanisms by which they establish in the GIT and interact with their host.
